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PREFACE

The effort described in this report was supported by the Structural Development Branch, NASA
Marshall Space Flight Center, Huntsville AL. The Contracting Officer's Technical Representative
for this program was Dr. Joel Williamsen. The experimental work was performed at the
Aerophysics Research Center of the University of Alabama in Huntsville AL.

This report which covers the experimental aspect of the effort performed on this program is Oiled
"Vulnerability of Space Station Freedom Modules- A Study of the Penetration Effects on Crew &
Equipment Volume I, Experiment ". A report under separate cover describing the analysis of the
environmental effects of the module pentration on crew survival tiffed ....Vulnerability of Space
Station Freedom Modules- A Study of the Penetration Effects on Crew & Equipment Volume II,
Analysis" is being prepared by Dr. Wm. Schonberg of the Civil and Environmeental Engineering
Department of the University of Alabama in Huntsville.
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ABSTRACT

Orbital debris penetration of manned spacecraft is accompanied by a number of atmospheric effects
that can pose a serious hazard to spacecraft and crew survival. These atmospheric effects can
include overpressure, light flash and temperature rise as hot particles from the penetration process
impinge into the atmosphere of a manned spacecraft. This paper reports the results from a series of
tests sponsored by the Marshall Space Flight Center and recently completed at the University of
Alabama in Huntsville Aerophysics Research Center to study these effects.

In these tests, a light gas gun was used to f'u'e orbital debris particle simulants from 0.375" to 0.625"
in diameter through target simulants into a large test chamber simulating the interior cabin of a
spacecraft at 1 atmosphere. The test chamber was instrumented with pressure transducers, light
sensors, and temperature gauges to measure the level of blast hazard associated with differing target
and penetrator conditions at various distances from the target site. The mitigating effects of interior
equipment racks and spall blankets were also measured. This report discusses the relationship
between observed overpressure, light, and temperature effects and the hazard level that would be
expected to cause crew injury.

Keywords: kinetic energy penetration, hypervelocity penetration, blast pressure, air blast, light
flash, spacecraft interior, orbital debris, meteoroid
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1. INTRODUCTION

Studies by Kessler 1 and others indicate that the likelihood of orbital debris penetration increases with

increased spacecraft size and time of exposure in low Earth orbit. With this increased likelihood of
debris impact comes a responsibility on the part of the manned spacecraft designer to (1) provide
effective shielding to prevent the likelihood of penetration to the maximum practical extent, and (2)
to reduce the hazardous effects on the crew should a penetration occur. The latter responsibility
requires detailed information on the magnitude of the atmospheric hazard associated with orbital
debris penetration and the effects of such factors as internal equipment and crew proximity on
increasing the likelihood of their survival following a penetration.

The primary objective of this study was to establish through experimentation the level of spacecraft
cabin over pressure, light, and temperature that accompanies penetration of typical orbital debris
shielding as a function of distance from the source of penetration. A secondary objective was to
examine the effectiveness of internal equipment and/or spall blankets in reducing the levels of these
hazardous effects on the crew. The data from these experiments will be used in future research
efforts to establish a model for the level of hazardous internal effects as a function of orbital debris

impact parameters (debris diameter and velocity), spacecraft shield design, and crew distance from
the point of penetration. The availability of such a model for predicting the magnitude of
atmospheric hazard levels following the remote likelihood of a penetration allows the spacecraft
designer to adapt his design to improve the survivability of spacecraft occupants from these hazards
should they occur.

2.0 REPORT FORMAT

This report consists of the main body which describes the experiments and summarizes the results
obtained plus Appendices which presents all of the processed data from each of the tests performed
on this program. Appendix A includes the Target Plate photographs, the test chamber temperature
profiles, the test chamber pressure profiles, and the UV and visible band radiometric data. Appendix
B includes the available flash X-Ray photographs for the test series.

As mentioned in the preface, this document comprises Volume I, Experimental Program portion of
the Final Report "Vulnerability of Space StationFreedom Modules, A Study of the Effects of
Perforation on Crew and Equipment" for this contract. Volume II, Analytical Modeling of Internal
Debris Cloud Effects of the Final Report "Vulnerability of Space StationFreedom Modules, A Study
of the Effects of Perforation on Crew and Equipment" by Dr. Wm. P. Schonberg is available under

separate cover.

3.0. EXPERIMENTAL SETUP

3.1 FACILITY

In order to meet these objectives, the Marshall Space Flight Center (MSFC) and the University of
Alabama in Huntsville (UAH) conducted a series of hypervelocity impact tests at the UAH
Aerophysics Research Center (ARC), located on Redstone Arsenal near Huntsville, Alabama. The
ARC features a variety of light gas gun systems capable of accelerating projectiles to speeds in
excess of 7.5 km/sec. The particular gun chosen for this test series features a launch tube capable of

firing particles up to 3.0 cm in size at near 7 km/s and a target chamber approximately 2 meters in
diameter and 4 meters in length.



3.2 TARGET CHAMBER

Figure1showsaphotographof theexternalview of thetargetchamberlookingat thechamberfrom
theNorthWestside.Thepulserfor theflashX-rayandthe 17GHz Dopplerradarcanbeseenin the
foreground.Figure2showsaphotographof theinternalarrangementof thetargetchamberfor Test
# 1without theequipmentRackSimulantandTest#5with theequipmentrack simulant. Note that
the internalsurfacesof thechamberwerelinedwith 1cm polyurethanefoampanels.Thesepanels
reducedthe "noise"in theoverpressurereadingsconsiderablywhencomparedto severalcheckout
testswithout the foamliners, andsowere utilized throughthetestsreportedhere. Note also the
presenceof a squarefiberboardwitnesspanelhungfrom the chamberceiling approximately2.6
metersdownrangeof thepointof penetrationin orderto characterizethemasscharacteristicswithin
thedebriscloudfrom thepenetratingparticleandshieldtargetassembly.

3.3 TESTCONDITIONS

Prior to thetest, thetargetchamber wascarefully sealedwith aballistic testarticle simulatinga
"typical"orbitaldebrisshieldin orderto maintainanapproximate1atminternal(absolute)pressure
asthetestchamberupstreamof theimpacttankwaspumpeddownto anearvacuumcondition. The
bumpershieldplateandenhancermaterialswereheldon framesin thetwo feetdiametertubewhich
servedasamountfor thebumpershieldsandthehull plate.Thehull plateprovidedthesealfor the
testchamberat ambientatmospherefrom thevacuumon thegun sideof thehull plate.Therange
chamberuprangeof thehull platewasconnectedto a 8' diameterby -200' longchamberwhich was
pumpeddownto actasalargevacuumdump,therebysimulatingtheinfinite vacuumof spaceasthe
hull platewasperforated.In this fashion,thepenetratingprojectilesimulatesthepassageof aspace
debrisparticlefrom thevacuumof spaceinto acrewcabin. All hypervelocityimpacttestswithin
thisserieswereconductedusing7075A1spheresmovingatapproximately6.5km/sec.

3.4 INSTRUMENTATIONSETUP

Figures4 and5 showcross-sectionaltopviews of thetestchamberfor thecaseswithout andwith
the simulatedinternalequipmentcabinetsrespectively. Pressureand temperaturesensorswere
pairedin six positionswithin thetargettank,threepairsalongeachside. For mosttests,pressure
andtemperaturesensors1Eand 1W werelocatedon theeastandwestwails (respectively)of the
tankatanapproximate"line of sight"distanceof 62cm from thepressurebearingsurface(pressure
wall) of theshieldtarget. Sensors2Eand2W wereapproximately136cm from thepressurewall of
the shield target;sensors3E and 3W wereapproximately253 cm from the targetpressurewall.
Notableexceptionsto thesegeneralsensorlocationsincluded(1) thepositionof temperaturesensor
3W, which was lengthenedsubsequentto Test 1 to measurethe temperaturedirectly along the
centerlineof thetestchamber,and(2) thepositionof temperatureandpressuresensors1Win Tests
10and13,whichwerealsoextendedto measuretheoverpressureinsideanequipmentrackmockup
very nearthepoint of penetration(seeFigure2). A low speedvideocamera(30 frames/sec)was
trainedat thetargetplatethroughaPlexiglaswindowandmirror arrangementattheroof of thetarget
chamber.

ThepressuresensorusedwasaDytranModel 2200V1,with afrequencyresponseof 500kHz and
capableof measuringa peakoutputlevel of 100psi (690kPa)with aresolutionof approximately
0.01 psi (0.07kPa). The temperaturesensorusedwas anOmegaType E thermocouplewith a
frequencyresponseof 2 msecandcapableof measuringapeakoutputlevelof 600degreesC with a
resolutionof approximately0.1 degreesC.

ThreeUDT Model UV50 radiometersthatwereusedto measurethemagnitudeof (1) visible light
when directly facing the penetrationpoint, (2) ultraviolet (UV) light whendirectly facing the
penetrationpoint,and(3) visiblelight whenfacing90degreesawayfrom thepenetrationpoint. The
visiblelight detectorbandwidthwassetat400to 750nm andtheUV detectorbandwidthwassetat
250to 360am. Thesensorswerelocatedfrom 155to 190cm from thepointof penetration.





Figure 2 View of Impact Chamber Interior Without Equipment Rack Simulant

Figure 3 View of Impact Chamber Interior With Equipment Rack Simulant
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Figure 5 Cross Sectional Top Down View of Test Chamber With Equipment Rack Simulant

Figure 6 Photograph of Digital Acquisition System



In order to obtain a measure of the residual energy in the debris cloud from the penetration of the

target plate, a 17 GHz Doppler radar was installed to view the motion of the witness plate during the
tests. This data is presented in Figure 13.

The deflection of the pressure hull plate was measured using a Doppler radar operating at 17 GHz in
an interferometric mode as the uprange side was pumped down to < 0.01 Torr with atmospheric

pressure in the test chamber. This plate deflection data is shown in A39 of Appendix A

Flash X-rays were obtained on most tests. The available flash X-ray data are presented in Appendix
B

3.5 DATA ACQUISITION

Data acquired by the various sensors were recorded on a Nicolet Digital Data Acquisition system
which has a maximum sampling rate of 10 MSamples/s, 12 bit resolution and 1 Mbyte memory per
channel. The actual sampling rate was adjusted depending on the expected data recording time. The
instrumentation rack which contains the data acquisition system is shown in Figure 6.

3.6 SPACECRAFT SHIELD TARGETS

Figure 7 shows a sketch of the three types of spacecraft shield targets that were featured in this test
series. Shield target 1 is essentially a simple two-wall bumper shield, with the second wall acting as

the pressure bearing surface of the spacecraft. The ballistic limit (size of aluminum sphere that will
marginally penetrate this type of target) for shield target 1 is approximately 1.0 cm (at 6.5 km/sec).
Shield target 2 is an enhanced orbital debris shield that features intermediate layers of Nextel,
Kevlar, and graphite between the outer bumper and rear pressure wall. These layers increase the
ballistic limit of this shield package to approximately 1.35 cm (at 6.5 km/sec). Shield target 3 is a

simple single pressure wall with no bumpers. The ballistic limit of this target is very low, requiring
only a 0.1 cm spherical aluminum particle to penetrate this shield target.

11.43 cm--

,- I 10.16 cm

6o61-T6 I
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(MLI)
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O "--I--
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6061-T6

Aluminum /_

6 Layers Nextel AF62

6 Layers Kevlar 716

Graphite-Epoxy Panel

-11.43 cm -_

J Seal =..1: _ Seal

0.48 cm

2219-T87 O
Aluminum

0.48 cm'"

221 g-T87
Aluminum

Shield Target 1 Shield Target 2 Shield Target 3

Figure 7 Sketch of Three Space Craft Shield Targets

Figure 8 shows photographs of the internal arrangement of the target chamber for Test 5. Note that
the internal surfaces of the chamber were lined with 1 cm thick polyurethane acoustic attenuating

foam panels. These panels reduced the "noise" in the over pressure readings considerably compared
to several checkout shots without the foam liners, and so were utilized through the tests reported
here. Note also the presence of a square fiberboard witness plate hung from the chamber ceiling
approximately 2.6 meters downrange the point of penetration in order to determine the mass
characteristics within the debris cloud from the penetrating particle and shield assembly.



Figure 8a Photograph of Target Chamber for Test 5 - View Towards Shield Target

Figure 8b Photograph of Target Chamber for Test 5 - View Away from Shield Target (Downrange)



Figure8aPhotographof Target Chamber for Test 5 - View Towards Shield Target

Figure 8b Photograph of Target Chamber for Test 5 - View Away from Shield Target (Downrange)



Table 1. Over pressure Test Results

Test Number

Projectile
Diameter

Velocity (k/s)

Sensor Peak
1E Over

pressure

Duration
of Peak

Sensor Peak

1W Over

pressure

1.27 em

.500 in

6.70

1.59 em

.625 in

6.42

1.59 cm

.625 in

6.50

1.59 cm

.625 in

6.58

0.95 cm

.375 in

6.64

117 kPa 141 kPa 110 kPa 234 kPa 262 kPa

17 psi 20.5 psi 16.0 psi 34.0 psi 38.0 psi

0.35 ms 0.50 ms 0.45 ms 0.45 ms 0.35 ms

121 kPa 148 kPa 214 kPa 276 kPa 193 kPa

17.5 psi 21.5 psi 31.0 psi 40.0 psi 28.0 psi

Duration 0.35

of Peak msec

Sensor Peak 31 kPa

2E Over 4.5 psi

pressure

Sensor Peak
2W Over

pressure

0.50 0.40 0.40 0.40
msec msec mscc msec

117 kPa 103 kPa 69 kPa 48 kPa

17.0 psi 15.0 psi 10.0 psi 7.0 psi

41 kPa 145 kPa 97 kPa 103 kPa 45 kPa

6.0 psi 21.0 psi 14.0 psi 15.0 psi 6.5 psi

Sensor Peak 21 kPa 55 kPa

3E Over 3.0 psi 8.0 psi

pressure

83 kPa 21 kPa 7 kPa

12.0 psi 3.0 psi 1.0 psi

Sensor Peak 17 kPa 55 kPa 48 kPa

3W Over 2.5 psi 8.0 psi 7.0 psi

pressure

28 kPa 7 kPa

4.0 psi 1.0 psi
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* Pressure sensor located in adjacent rack (see Figure 2)
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Table 2. Temperature Test Results

Target

Test Number

Projectile Diameter

Velocity (kin/s)

Peak delta

temp. (deg C)

1

1.27 cm

.500 in

6.70

25

3

1.59 cm

.625 in

6.42

105

6

1.59 cm

.625 in

6.50

20

5

1.59 cm

.625 in

6.58

65

8

0.95 cm

.375 in

6.64

2O

Sensor Time to peak 15 10 20 15 10
IE temp. (msec)

Temp x time 0.4 7.0 3.0 3.0 1.0

(deg C - sees)

Peak delta 30 115 65 55 15

temp. (deg C)

Sensor Time to peak 20 15 25 20 10

1W temp. (reset)

Temp x time 0.5 4.5 3.5 4.5 0.9

(deg C - sees)

Peak delta 25 140 50 35 15

temp. (deg C)

Sensor Time to peak 20 10 90 20 12
2 E temp. (reset)

Temp x time 0.7 16.0 5.1 2.0 0.9

(deg C - sees)

Peak delta 20 95 65 220 I0

temp. (deg C)

Sensor Time to peak 20 10 50 250 20
2W temp. (msec)

Temp x time 0.6 11.3 4.5 23.0 0,5

(deg C - sees)

Peak delta 45 -- 280+ 10 10

temp. (deg C)

Sensor

3E

Sensor

3W

Time topeak 1200 -- 250 20 270

temp.(ms_)

Temp x time 46.3 -- 185.0 1.1 9.0

(deg C - sees)

Peak delta 45+ 270 -- 25 70

temp. (deg C)

Time to peak 300 300 -- 20 200

temp. (reset)

Temp x time 66.5+ 131.5 -- 1.5 45.0

(deg C - sees)
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Notes: - All temperatures reported to nearest 5 deg C. interval.

- All times reported to nearest 5 millisecond interval

* Sensors located in adjacent equipment rack (see Figure 3).
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Table 3 Radiometric Results and Hole Characteristics

Target

Test Number

Projectile
Diameter

Velocity (k/s)

Direct Visible
Light

(Watts per
Steradian)

Indirect
Visible

Light, 90
deg. from

Direct

(Watts per
Ster'adian)

Direct
Ultraviolet

Light

(Watts per
Stevadian)

Effective
Pressure Wall

Hole
Diameter

Maximum

Tip-to-tip
Crack Length

Mass
Removed

from Pressure
Wall

1.27 cm
.500 in

6.70

30

26

5.9 cm
2.3 in

15.3 cm
6.0 in

37 g

1.59 cm
.625 in

6.42

58

6.1 cm
2.4 in

8.7 cm
3.4 in

39 g

1.59 cm
.625 in

6.50

40,000

17

6.3 cm
2.5 in

14.2 cm
5.6 in

42 g

2

1.59 cm
.625 in

6.58

48,000

14

12.2 cm
4.8 in

24.9 cm
9.8 in

0.95 cm
.375 in

6.64

--33

3.2
1.3 in

No Crack

12 g

_iii!iii!!ili!!iliilii|i!iliiiiii_i_i!_!_i!_iiiiii!iiii!ii-iiii i:ii ?;i̧: i̧ :iI ill¸¸i i_!!i:_i_i

1 . I

! i::i ] ............................

 ii?ii!i ii iiiii  !=ii!illiiiliiiii iiiiiiiii iiiiii:!i il;ii
i_iiii_iiiiiiii}iiiiiiiiiiiliij! i_iii_i_i'_i_iii_iiiii'_iiii_i:i!iiiii;'ii !!iii!'' i:ii

[:i:?i:i:_:i:i:_:i:i:_:i:i:i:!:i:!:i::_:i:_:i:i:_:i:[:_:_:i:i:_:i:i:_:_:_:?:i:i:?:i:i:_:?:i::::::::::::::::::::::::: :?:

!_
i:i:_:i:i:_:i:i:!:5:5:!:?:5:i:!:i:!:i::i:! :::::::::::::::::::::::::::::::::::::::::::::::::

:_::i::_::_::ii_::_iii!i!i!iii_::_::ii_::_i::+_iT:::i_::iii::U:_iii!::;::U:_::_::!::_:f:iiiii::i::i::ii::::::::::::::::::::::::::::::::

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::_i _i_ _: i :i!i!!:: :_

!i:i ! :

* Radiometer data not available, but video tape indicates that direct light flash levels were severely reduced.
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approximately 40 grams (also true for all tests of shield type 2). Despite this large amount of initial
mass in the debris cloud, the one meter square fiberboard witness panel (weighing 2700 gms)
located at 2.7 meters from the impact point was relatively undamaged, with one small (< 0.1 gram)
particle imbedded within it. This lack of mass in the witness panel was curious, and consistent
throughout the tests of all target types. This observation is supported by the Doppler radar
measurement of the witness plate motion. The projectile mass was 3.0 gms and actual velocity was

6.69 km/s, resulting in projectile momentum of 2x106 gm-cm/s. The witness plate mass was 2702

gms and measured velocity was 20 cm/s, resulting in momentum of 67,550 gm-cm/s. The target
momentum measurement presented in Figure 13 shows very low (-3.3% of the projectile
momentum) momentum transfer to the witness plate.

0.12

Rnd 94-26 NASA TEST #1

E
(.)

v

¢-
(1)

E

>
0

0.10 ....................................................................................... ' ............................ : ............................

0.08 .................................................................................................................. i ............................

0.06 --

0.04 --

0.02 --

0 .0 0 I

3 4 5

-0.02

mSec

Figure 13 Doppler Radar dam on Witness Plate Motion

One possible explanation for this apparent lack of post-test debris mass downrange might be that the
debris cloud had a high radial component to its velocity vector--that is, the debris "spread out"
quickly to the sides of the chamber and did not proceed directly along the centerline of the target
chamber where the witness plate was located. It is difficult to discount this explanation without
better flash X-ray characterization of the debris cloud and/or witness plates located along the inner
wails of the test chamber; however, relatively little debris was noted to be imbedded within the
polyurethane foam lining the chamber walls following the tests. A low speed (30 frames/second)
video from these tests indicated a roughly even radial distribution of visible debris fragments
panicles emerging from the target into the 1 meter field of view of the camera (downrange). Another
interesting possibility is that the fine debris cloud particles "burned up" as well slowed down
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throughdrag deceleration in flying through the ambient air atmosphere of the target chamber at high
velocity, and only rarely reached the witness plate. This explanation is attractive because of the
highly exothermic reaction of hot aluminum particles with oxygen in the air atmosphere generating
-400 kilo-calories per mole of reacting aluminum. This is manifested by the over pressure,
temperature, and light energy data witnessed in the tests. MSFC is sponsoring additional flash X-
ray characterization tests to better typify the mass distribution within debris clouds traveling in a
vacuum versus those traveling through a spacecraft interior atmosphere.

Another interesting observation conceming the effect of debris cloud mass on overpressure level
may be drawn from comparing the low levels of overpressure at sensor position 3 in Test 5 (shield
target 2) and Test 8 (shield target 3) to higher overpressure levels for sensor position 3 in Tests 1, 3
and 6 (shield target 1). Table 3 shows that even though the effective hole size is larger in shield type
2 due to its larger petals (see Figure 4), the amount of mass lost in the wall (and thus the amount of
mass in the debris cloud) is an order of magnitude lower in shield type 2 than in shield type 1. The
same is true for Test 8, where the mass missing from the pressure wall is very low compared to
Tests 1, 3 and 6 (shield type 1). Thus, the lower overpressure downrange for Test 5 and for Test 8
(shield types 2 and 3 respectively) validates our reasoning that overpressure may be directly related
to debris cloud mass.

Why the higher overpressure for these tests (5 and 8) at sensor position 1 compared to Tests 1, 3
and 5 (shield target 1)? One may theorize that these higher overpressures near the target are

occurring for different reasons, unrelated to debris cloud mass. In Test 5, the formation and motion
of large petals attached to the pressure wall may be causing a short range multiplying effect on the

over pressure level near the wall (note the severely reduced overpressure at sensor position 2. In
Test 6, the initial velocity of the debris cloud was much higher--approximately 6 km/sec (velocity of

the impacting particle). This higher velocity led to a stronger air shock to be induced near the
pressure wall, though its effects dissipated quickly.

4.2 ENVIRONMENT EFFECTS ON CREW

Overpressure levels of the magnitudes shown in Table 1 (ranging from 10 to 270 kPa) can have
varying affects on incapacitating crew members (i.e., rendering crew incapable of rescuing
themselves from the depressurizing spacecraft). While none of these overpressure levels appeared
to be of sufficient duration to cause damage to lungs or other internal organs, they are of sufficiently
high magnitude and duration to cause serious damage to the eardrum, inner ear, and cranium. 2

Table 2 shows that for tests performed without simulated internal equipment racks, the peak air
temperature at sensor position 2 reached generally higher levels than those at sensor position 1, with
highest values recorded at sensor position 3. Air temperature peaks at sensor 1 generally occurred at
around 20 milliseconds (ms) after pressure wall penetration; temperature peaks at sensor position 2
occurred at approximately 50 ms; they occurred at sensor position 3 at approximately 250 ms.
These temperature and time readings indicate that the heated, shocked air from upstream (nearest the
target) appeared to move downstream more slowly than the debris cloud (10 m/s, versus 1000 m/s
for the debris cloud). As it moves downstream, this slower moving mass of heated air combines
with additionally shocked air (downstream) to reach increasingly high overall air temperatures (280+
deg C in some cases). However, the highest observed product of air temperature x duration
observed (185 deg C-secs for sensor position 3 in Test 6) did not exceed the air temperature levels

that might reasonably be expected to induce second degree burns (1200 deg C-secs). 3

Table 3 shows that the light levels for the tests without the internal equipment rack varied strongly
with viewing angle. Visible light levels exceeded 40Kwatts per steradian (27.2 million candles)
when directly viewing the target. UV light levels were much lower; the light flash phenomenon
appears to be occurring primarily in the visible regime. This direct visible light level is roughly
equivalent to that from the Sun as viewed from outside the Earth's atmosphere, and is certainly
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sufficienttocausetemporaryblindnessandotherincapacitatingeffects4. However,thelevelof light
asviewed from 90 degrees(i.e., from theside)is on the orderof 20 watts persteradian(14,000
candles)--threeordersof magnitudelessthanadirect view of thepenetrationevent,andwell within
safelevels. Of course,the actuallevel of "off-axis" light flashobservedwill probablyvary from
caseto case,dependingon thereflectivity of the surroundingspacecraftcabin interior surfaces.
Nevertheless,theseresultspoint to thedramaticrelevanceof viewing angleonobservedlight flash
levelsfollowinga penetration.

In Test 11, a spall blanket consisting of 12 layers of Kevlar 120 was placed directly on the inboard
(target chamber) side of the pressure wall using a two inch Velcro strip (one layer sewn to the spall
blanket, the other glued to the pressure wall). The spall blanket in Test 11 was penetrated, creating a
two inch hole in the Kevlar and separating the blanket from the wall. Remarkably, both layers of
Velcro were still attached to the pressure wall; the joint failure occurred in the nylon thread used to
attach the Kevlar blanket to the Velcro strip. Because the spall blanket was penetrated, the
overpressure, temperature, and light levels were little effected, with one notable exception--little
overpressure was measured at sensor position 1. This could have been caused by the considerable
amount of aluminum debris from the pressure wall that was trapped in the spall blanket. With this
mass trapped in the blanket, it was unavailable to cause large overpressure (shock waves) as it
moved through the air near the target wall.

The presence of the internal equipment rack simulant in Tests 9, 10, and 13 had a large effect on
reducing overpressure, temperature, and light flash levels at sensor positions 2 and 3 (outside the
equipment rack). Of these tests, the only equipment rack completely penetrated was in Test 13,
where a single 0.5 cm hole was induced in the outboard surface of the equipment rack. Once again,
reducing the mass of the debris cloud within the target chamber (in this case, to nearly zero) has led
to a reduced overpressure and temperature downrange. Note also that the magnitude of the
overpressure inside the penetrated equipment rack is lower than that produced had there been no
equipment rack (Test 5). In this case, even though penetrated, the rear wall of the equipment rack
has reduced the velocity (and probably the mass) of the debris cloud impinging into the equipment
rack, reducing the overpressure.

The close proximity of the pressure wall to the graphite epoxy panel on the rear face of the rack
simulant (5 cm) also produced a limiting effect on effective hole size in the pressure wall for Tests 9
and 13 (shield target 2). Following these tests, the petals from the pressure wall were imbedded and
actually curled around the interior circumference of the hole in the graphite panel (it was very
difficult to separate the pressure wall from the rear surface of the equipment rack simulant following
the tests). This same contact constrained the formation of petals in the pressure wall for Tests 9 and
13, forcing the effective hole diameters to be 30 percent smaller in these tests than in Test 5. This
result is significant--it indicates that equipment racks located behind spacecraft shields similar to
target 2 will hinder hole growth (and decompression losses) in spacecraft using these designs.
However, repair of the pressure wall in these modules following penetration will be severely
hindered by an impaired ability to separate the equipment racks from the pressure wall due to the
petalling of the pressure wall around the hole in the back of the equipment rack.

Note however that the temperature at sensor position 1 (within the equipment rack) is considerably
larger than in previous tests without the rack. By containing the debris cloud, the equipment rack
has contained most of the heat transferred from the kinetic energy of the penetrating particle and
debris cloud. Because the volume of the equipment rack is considerably smaller than the target tank,
the product of total temperature x duration at sensor position 1 is approximately twice as high as
measured for previous tests at sensor position 3 (without the equipment rack).

Unfortunately, light flash measurements from the visible radiometers are unavailable for tests with
the equipment rack in place. However, the levels of direct UV light measured were considerably
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lower than for testswithout equipmentracksin place,andthe video taped results of these tests
provide convincing evidence that far less light flash passed outside of the equipment rack than was
seen in tests without the equipment rack.

5. CONCLUSIONS

This series of internal effects tests was successful in meeting its primary and secondary objectives:

(1) to establish through experimentation the level of spacecraft cabin overpressure, light, and
temperature that accompanies penetration of typical orbital debris shielding as a function of distance
from the source of penetration, and (2) to examine the effectiveness of internal equipment in
reducing the levels of these hazardous effects on the crew. In addition, the tests led to valuable
observations on how debris cloud mass and velocity (and other penetration parameters) affect the
levels of overpressure and temperature within a spacecraft atmosphere following orbital debris
penetration. This information will be used by MSFC and UAH to formulate a first order
relationship between penetration parameters (projectile energy, shielding type, hole size, etc.) and
the levels of temperature and overpressure hazards resulting at a given distance from the penetration
event.
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Target Plate Front

Target Plate Side

Target Plate Back

Figure A1 Target Plate Photographs - Test #1
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Target Plate Front

Target Plate Side

Target Plate Back

Figure A5 Target Plate Photographs - Test #2
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Target Plate Front

45G7Bg18

Target Plate Side

Target Plate Back

Figure A8 Target Plate Photographs - Test #3
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Target Plate Front

Target Plate Side

Target Plate Back

Figure A12 Target Plate Photographs - Test #5
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Target Plate Front

Target Plate Side

Target Plate Back

Figure A16 Target Plate Photographs - Test #6
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Target Plate Front

Target Plate Side

Target Plate Back

Figure A20 Target plzte Photographs - Test #8

A20



i!!i iiii ii
,..._ ...... . ............ , ........

iiiiiiiiiiiiiiiiiiii
w

iiii
Q

0 _ C_ LO 0
!

0 _ 0 LO O It')
!

OC

i

OQ

ISd ISd
A21



• g _ !7 _W :j _-

i _ o ,,, i o

I- ! ! ! !_ _ : : : : i_- ! ! ! ! :

..... - o_ : : i i

(0o) I v±Tao o) 73

C)

..... 0

I....................................-.w.....i..........!.........i.........i.........i...... _ ..........................................o

'_..............._.........._.........i.........i ....... - -
: : : : : o I- ! ! ! i , o

i!ii iii
o °B }

o) ±7 o) vl7 o'

..... _ _

., °i
I- ! ! ! ! ! o

-

0 0

0 if) 0 t/) 0 i.0 0

( O0 ) 1 V1730 A22 ( O0 ) 1 V1730



!

I
l

(.JS/:l..leM) ,,k_LISNqINI 1NVIOV'd

O

Ob

cO

f,.....

r,O

o3

O

o

O0
E

i

U

A23



Target Plate Front

Target Plate Side

Target Plate Back

Figure A24 Target Plate Photographs - Test #9

A24
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Target Plate Front

Target Plate Side

Target Plate Back

Figure A28 Target Plate Photographs - Test #10
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Target Plate Front
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Target Plate Back

Figure A32

Target Plate Side

Target Plate Photographs - Test #11
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1

Target Plate Front

Target Plate Side

Target Plate Back

Figure A36 Target Plate Photographs - Test #13
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From: Calibration Negative One From: Calibration Negative Two

extreme correction

light print

i

dark print

extreme correction

light print

dark print

Images of a one inch calibration sphere placed in the target center.
The variation of size is due to several factors

inherent to the image manipulation process.

Figure B 1 X-Ray Photograph Size Calibration
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Ftash x-RaY o! Debds Cloud: UAH 94.26' pdnt Ono

Figure B2 X-Ray Photograph of Debris Cloud, Test # 01 X-RaY #1
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_L_.¸ iiilill....

Flash X-Ray of Debris Cloud: UAH 94-26; Print Two

t

Figure B3 X-Ray Photograph of Debris Cloud, Test # 01 X-Ray #2
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Flash X-Ray of Debris Cloud: UAH 94-30

Figure B4 X-Ray Photograph of Debris Cloud, Test # 03 X-Ray # 1
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Flash X-Ray ol Debris Cloud: UAH 94-33

Figure B5 X-Ray Photograph of Debris Cloud, Test # 05 X-Ray #l
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Figure B6

Flash X-Ray or Debris Cloud: UAH 94-42

X-Ray Photograph of Debris Cloud, Test # 06 X-Ray # l
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Flash X-Ray ol Debris Cloud: UAH 94-56

Figure B7 X-Ray Photograph of Debris Cloud, Test # 09 X-Ray #l

B7
I



Figure B8

Flash X-Ray o! Debris Cloud: UAH 94-57

X-Ray Photograph of Debris Cloud, Test # l0 X-Ray #1
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Flash X-Ray of Debris Cloud: UAH 94-61

Figure B9 X-Ray Photograph of Debris Cloud, Test # 11 X-Ray # 1

139



Figure B l 0

Flash X-Ray ol Debris Cloud: UAH 95-01

X-Ray Photograph of Debris Cloud, Test # 13 X-Ray # 1
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